The appropriate utilisation, storage and conversion of nutrients in peripheral tissues, referred to as nutrient partitioning, is a fundamental process to adapt to nutritional and metabolic challenges and is thus critical for the maintenance of a healthy energy balance. Alterations in this process during nutrient excess can have deleterious effects on glucose and lipid homeostasis and contribute to the development of obesity and type 2 diabetes. Nutrient partitioning is a complex integrated process under the control of hormonal and neural signals. Neural control relies on the capacity of the brain to sense circulating metabolic signals and mount adaptive neuroendocrine and autonomic responses. This review aims to discuss the hypothalamic neurocircuits and molecular mechanisms controlling nutrient partitioning and their potential contribution to metabolic maladaptation and disease.
Introduction
Obesity and associated complications, including type 2 diabetes, represent a huge health burden worldwide. Obesity is a complex multifactorial disease resulting from the interaction of genes, biology and the environment [1] . Our understanding of the aetiology of obesity is incomplete but it is clear that the dramatic increase in obesity rates are largely due to elevated intake of energy-dense food and, to a lesser extent, an inactive lifestyle. Despite the straightforward energy balance equation explaining fat mass gain, the processes and pathways underlying hyperphagia and the manner by which excess energy is handled in different tissues remain elusive. At the genetic level, BMI is strongly associated with genetic loci linked to central nervous system (CNS) processes (e.g. synaptic function and neurotransmitter signalling) that may increase Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00125-020-05104-9) contains a slideset of the figures for download, which is available to authorised users. susceptibility to overfeeding and body fat gain [2] . In addition to fat mass, fat distribution (central/upper vs lower body) is an important determinant of cardiometabolic complications. Upper body fat distribution (assessed by waist-to-hip ratio and adjusted for BMI) is associated with genes involved in lipid metabolism, adipocyte biology and differentiation [3] . Together, these studies suggest a complex polygenic architecture of fat mass gain and distribution involving both the CNS and the periphery. In addition to genetic factors, the type of ingested energy and the metabolic fate of nutrients, including their utilisation, storage and conversion (e.g. fatty acid synthesis from glucose), in peripheral tissues can affect fat distribution, mass and ectopic fat deposition [4] . This process, referred to as nutrient partitioning, occurs both at the whole body level, which relies on a complex neural and hormoneregulated interplay between organs and tissues, and at the cellular level, with coordinated coupling between nutrient metabolic pathways. Alterations in nutrient partitioning, often referred to as metabolic inflexibility, during nutrient surfeit can lead to the hyperglycaemia, dyslipidaemia and ectopic fat deposition that are major hallmarks of obesity and type 2 diabetes [5] . Although the direct action of hormones in peripheral tissues is a strong driver of nutrient metabolism, the CNS plays a key role in the regulation of nutrient fluxes and partitioning [6] . This control relies on the ability of the brain to sense and integrate circulating hormones and nutrients to, in turn, mount adaptive behavioural, autonomic and neuroendocrine responses to maintain energy homeostasis. These central mechanisms were likely selected throughout the evolution to adapt to periods of nutrient scarcity or starvation. In the current food-rich environment, they may favour energy intake and storage. The aim of this review is to discuss the neurocircuits and molecular mechanisms that regulate nutrient partitioning and their contribution to metabolic diseases.
Hypothalamic control of nutrient partitioning Within the CNS, it is well known that the hypothalamus integrates circulating metabolic signals and afferent autonomic inputs to regulate not only feeding and energy expenditure but also nutrient partitioning ( Fig. 1 ). This control relies on the autonomic nervous system (ANS), which innervates every metabolic tissue and endocrine organ, and the hypothalamic-pituitary axis, which controls the secretion of metabolic hormones (e.g. cortisol, growth hormone). Decades ago, studies established that electrical stimulation of the lateral hypothalamus (LH) and the ventromedial hypothalamus (VMH), or electrical activation of the sympathetic or parasympathetic branch of the ANS had robust effects on glucose and fatty acid metabolism, pancreatic hormones and catecholamine secretion (reviewed in [7] ) ( Fig. 1 ). Electrical stimulation of the VMH or sympathetic nerves rapidly reduces insulin secretion and enhances glucagon secretion, hepatic glycogenolysis, lipolysis in white adipose tissue (WAT) and thermogenesis in brown adipose tissue (BAT) [7] . Conversely, stimulation of the LH or parasympathetic nervous system (PNS) increases insulin secretion and hepatic glycogenesis. These rapid metabolic effects in the liver and adipose tissues are initiated by autonomic inputs, while pancreatic hormones and adrenaline (epinephrine) secretion amplify and maintain the responses [7] . This line of work led to the notion that the VMH and LH act reciprocally in terms of the hormone secretion and metabolic functions stimulated, with the VMH promoting catabolic pathways via the sympathetic nervous system (SNS), and the LH and the PNS favouring energy storage. However, this binary model was challenged by the discovery of leptin in 1994 coupled with major methodological developments (e.g. Cre-lox system, opto-and chemogenetics), which recharged the field and led to the identification of novel neuronal pathways and mechanisms.
The leptin era and the characterisation of hypothalamic neurocircuits Leptin is a hormone secreted by the WAT with circulating levels proportional to fat mass. Leptin-deficient rodents and humans develop severe obesity, while leptin administration to leptin-deficient humans and mice lowers food intake and stimulates energy expenditure to ultimately reduce fat stores and promote leanness [8] . As such, leptin was initially proposed to act as an energy surfeit signal, elevated levels of which in states of positive energy balance stimulate energy expenditure and reduce energy intake. However, the current model rather suggests that the hormone is an energy deficiency signal, reduced levels of which during an energy deficit stimulates feeding and reduces energy expenditure. Although still debated, increased leptin levels during overfeeding may contribute to 'leptin resistance' and thus favour body weight gain [9] . Consistent with this, partial reduction or neutralisation of leptin action protects against diet-induced obesity in mice by increasing central leptin sensitivity [10] . Although studies in rodents suggest that leptin acts peripherally to regulate metabolism [11] [12] [13] , the main targets of the hormone in energy balance regulation are localised in several brain regions, including the hypothalamus.
In addition to controlling feeding behaviour and energy expenditure, central administration of leptin was found to regulate glucose homeostasis. Intracerebroventricular or intra-VMH leptin administration acutely increases glucose utilisation in skeletal muscles, heart and BAT, while increasing hepatic glucose output via the SNS [14, 15] . Notably, leptin did not affect blood glucose and plasma insulin, suggesting that hepatic glucose production was counterbalanced by glucose utilisation. In line with this, central manipulations of leptin or leptin receptor (LepR) in pathological rodent models have beneficial effects on glucose metabolism. The rescue of LepR specifically in the arcuate nucleus of LepR-deficient obese rodents normalises hyperglycaemia [16, 17] . Notably, administration of leptin in the brain robustly improves hyperglycaemia in rodent models of insulin-deficient diabetes [18, 19] , though the magnitude of the effects may be dependent on leptin dosage and treatment duration as well as residual insulin in a mouse model of streptozotocin-induced diabetes [20] . The glucose-lowering action of leptin is mediated by a reduction in glucagon and corticosterone levels, leading to reduced hepatic glucose production and increased glucose utilisation in the soleus muscle and BAT. Besides glucose, leptin stimulates lipid mobilisation in WAT [21] and fatty acid oxidation in skeletal muscles via the SNS [11] and reduces hepatic [22] and heart triacylglycerol content [23] . Thus, central administration of leptin stimulates glucose and fatty acid utilisation, thereby preventing ectopic lipid deposition.
The discovery of leptin led to the identification of leptinresponsive neuronal circuits that control nutrient partitioning, Fig. 1 Central control of peripheral nutrient partitioning. In the hypothalamus, the activity of Agouti-related peptide (AgRP) and proopiomelanocortin (POMC) arcuate (ARC) neurons is regulated by circulating metabolic signals. In turn, the release of alpha-melanocyte stimulating hormone (α-MSH) and AgRP modulates the activity of post-synaptic melanocortin 4 receptor (MC4R) neurons in the paraventricular nucleus (PVN) projecting to the brainstem and regulating the activity of the autonomic nervous system. The autonomic nervous system innervates all metabolic tissues and endocrine organs via the parasympathetic and sympathetic branches. These autonomic inputs orchestrate the utilisation (transport and oxidation), storage (glycogen and triacylglycerol) and conversion (gluconeogenesis and fatty acid synthesis from glucose) of glucose and fatty acids (FA), and secretion of pancreatic hormones and adrenaline, which, in turn, contribute to nutrient partitioning. In addition, the hypothalamic-pituitary-adrenal axis regulates corticosterone secretion. Hormones in red stimulate glucose production while those in green stimulate glucose uptake and utilisation; the role of ghrelin is currently debated and so this is shown in black. GLP-1, glucagon-like peptide 1; GHSR, growth hormone secretagogue receptor (ghrelin receptor); IR, insulin receptor, LepR, Leptin receptor, TAG, triacylglycerol; TCA, tricarboxylic acid cycle. Created in Biorender.com. This figure is available as part of a downloadable slideset including the hypothalamic melanocortin pathway originating in the arcuate nucleus (ARC) [24] . The ARC contains two functionally opposing neuronal populations: the agoutirelated peptide (AgRP)-Neuropeptide Y (NPY) neurons and proopiomelanocortin (POMC) neurons ( Fig. 1 ). AgRP and POMC neurons project to similar post-synaptic targets located in the paraventricular nucleus (PVN), VMH, dorsomedial hypothalamus and LH. When activated by signals of energy sufficiency (e.g. leptin, insulin), POMC neurons release αmelanocyte-stimulating hormone (α-MSH), which activates the melanocortin-4 receptor (MC4R) in post-synaptic neurons projecting to the brainstem and downstream anorectic and catabolic responses via the ANS (Fig. 1) . In contrast, signals of energy deprivation (e.g. ghrelin, hypoglycaemia) activate AgRP neurons and the release of AgRP, an endogenous MC4R antagonist, and stimulation of feeding and anabolic processes in peripheral tissues. In addition, AgRP neurons send inhibitory GABAergic inputs into neighbouring POMC neurons, thereby exerting a dual inhibition on POMC signalling ( Fig. 1 ). The importance of this system in the aetiology of obesity is underscored by findings showing that MC4R or POMC deficiency leads to obesity in rodents and that mutations in the gene coding for MC4R are the most frequent form of monogenic human obesity [25] .
There is mounting evidence that metabolic hormones (e.g. leptin, insulin, ghrelin, incretins) and nutrients directly influence the activity of POMC and AgRP neurons to regulate food intake. Alteration of hormonal signalling or nutrient sensing in neurons of the ARC and other nuclei can have a profound impact on feeding and body weight regulation. Summarising this stream of work is beyond the scope of this review and has been extensively discussed by others [26] . We will focus here on the neuronal and metabolic pathways in the mediobasal hypothalamus (MBH) that regulate peripheral nutrient partitioning.
Neuronal control of nutrient partitioning Evidence of a role for AgRP neurons in nutrient partitioning surfaced from studies of AgRP neuronal ablation in neonatal mice. AgRPablated mice develop late-onset obesity when fed a standard diet [27] . Obesity was not the result of an increased energy intake but, rather, enhanced feed efficiency resulting from increased hepatic triacylglycerol synthesis from carbohydrates and a shift in nutrient oxidation coordinated by the ANS that favoured lipid vs carbohydrate utilisation. The enhanced lipid utilisation in muscles and adipose tissues of AgRP-ablated mice was a metabolic advantage during high-fat feeding by reducing glucose intolerance and diet-induced obesity [27] . Consistent with these findings, the ablation of AgRP neurons in adult mice subjected to enteral feeding (to avoid starvation and promote weight gain) reduces fat mass gain vs control mice receiving the same amount of calories enterally [28] . It is important to mention that AgRP neuron ablation also induces NPY and GABA deficiency that may contribute to the observed phenotypes. In contrast, chemo-or optogenetic activation of AgRP neurons in the absence of food or under pair-fed conditions increases glucose utilisation in mice while decreasing lipid utilisation via the ANS thereby promoting lipogenesis and adiposity [28] . Consistent with the antagonistic properties of AgRP on MC4R, disruption or antagonism of MC4R reduces lipid utilisation while it increases triacylglycerol synthesis and fat accumulation in WAT (in normal and pair-fed conditions) [29] as well as HDL-cholesterol by reducing hepatic uptake via the ANS [30] . In addition, inhibition of MC4R reduces glucose utilisation in muscles and BAT [29] and impairs BAT thermogenic activity [31] . Conversely, MC4R activation induces lipolysis in WAT and thermogenesis in BAT [32] . Importantly, these changes in nutrient metabolism occur before any change in adiposity and independently of food intake. Finally, the glucose-lowering effect of central leptin delivery in models of diabetes is in part dependent on inhibition of AgRP neurons and increased melanocortinergic tone [18, [33] [34] [35] [36] . Together, these studies demonstrate that AgRP neurons exert strong control over nutrient partitioning by promoting lipid storage, while POMC and post-synaptic MC4R neurons favour nutrient mobilisation and utilisation. Importantly, recent studies suggest that the melanocortin system also regulates the plasticity of adipose tissue and its capacity to expand. Enhancing leptin and insulin signalling in POMC neurons promotes an SNS-dependent browning of WAT associated with improved glucose homeostasis [37, 38] , while browning is prevented by activation of AgRP neurons [39] (Fig. 1) . These results are consistent with the well-described SNS-induced proliferation of BAT precursors and inhibition of preadipocyte proliferation in WAT [40] . Finally, MC4R disruption promotes a PNS-dependent proliferation of WAT precursors that favours WAT expansion and fat mass gain [41] . Thus, the ARC melanocortin system exerts dual control of adipose tissue plasticity and metabolism that contributes to the appropriate storage and utilisation of nutrients.
The control of nutrient partitioning does not only rely on ARC neurons; there are other neuronal circuits that play a critical role in metabolic adaptations. Notably, VMH neurons are critical for the counterregulatory response to hypoglycaemia (CRRH), a neuroendocrine response involving glucocorticoids, glucagon and adrenaline secretion and increased sympathetic tone to the liver and WAT. These responses stimulate hepatic glucose production and the release of fatty acids acting as an alternative fuel to spare glucose for the brain. As such, the CRRH is a centrally orchestrated pathway relying on glucosesensing neurons and appropriate nutrient partitioning [42] . In the VMH, steroidogenic factor-1 (SF1)-glutamatergic neurons play a key role in glucose homeostasis during fasting and hypoglycaemia [43] . Genetic disruption of glutamate release by SF1 neurons impairs glucagon secretion and gluconeogenesis during fasting and hypoglycaemia. Conversely, optogenetic activation of SF1 neurons leads to hyperglycaemia whereas their silencing prevents the normalisation of glycaemia during hypoglycaemia by impairing glucagon and corticosterone secretion [44] . Whether SF1 neurons are also implicated in hypoglycaemia-induced lipolysis and fatty acid utilisation remains to be determined. In line with these findings, it was shown that increased GABAergic tone in the VMH impairs the CRRH [45] . Importantly, GABA A agonism blunts neuroendocrine and sympathetic responses to hypoglycaemia and exercise in individuals with type 1 diabetes [46, 47] . These studies suggest that alteration of VMH neuron activity may be implicated in hypoglycaemia unawareness, a condition characterised by impaired CRRH which is induced by antecedent hypoglycaemic episodes in individuals with diabetes receiving insulin treatment.
Intracellular mechanisms governing peripheral nutrient partitioning As discussed above, nutrient partitioning also occurs at the cellular level. Several key enzymes in peripheral tissues are responsible for the glucose-dependent partitioning of fatty acid metabolism between oxidation and esterification. Glucose metabolism inhibits the energy sensor 5′ AMPactivated protein kinase (AMPK) leading to the activation of acetyl-CoA carboxylase (ACC) and the concomitant generation of malonyl-CoA from glucose-derived acetyl-CoA. Malonyl-CoA reduces acyl-CoA mitochondrial oxidation via inhibition of carnitine palmitoyl transferase-1 (CPT-1). Importantly, malonyl-CoA is the substrate for fatty acid synthesis via fatty acid synthase and glycerol-3-phosphate derived from glycolysis constitutes the backbone for triacylglycerol generation. As such, glucose metabolism reduces fatty acid oxidation and favours the storage of glucosederived carbons as lipids.
Several lines of evidence suggest that this metabolic coupling pathway operates in MBH cells to regulate peripheral nutrient partitioning. As described in peripheral tissues, the malonyl-CoA level in the MBH is tightly regulated by glucose via AMPK. Once activated, AMPK inactivates ACC, leading to a decrease in MBH malonyl-CoA levels [48] (Fig. 2) . Inversely, inhibition of AMPK by glucose leads to activation of ACC and malonyl-CoA synthesis. In line with this, our laboratory showed that glucose-induced inhibition of AMPK reduces fatty acid oxidation while increasing fatty acid esterification into triacylglycerol in hypothalamic neurons and astrocytes [49] . Thus, malonyl-CoA acts as a metabolic signal modulating fatty acid partitioning between esterification and oxidation in the MBH. Importantly, malonyl-CoA accumulation in the MBH inhibits feeding and increases fatty acid oxidation in skeletal muscle via the SNS [50] , while reduction of malonyl-CoA leads to hyperphagia and obesity [51, 52] . Finally, intracellular accumulation of acyl-CoA in the MBH triggers neural responses to suppress hepatic glucose production via the PNS [53, 54] . Together, these data suggest tight regulation of fatty acid oxidation by glucose in the MBH which controls peripheral glucose production and fatty acid utilisation. Although these studies provided the first evidence that metabolic coupling pathways operate in the MBH to regulate nutrient partitioning, most of these interventions did not target specific cell or neuronal population(s) in the MBH. As such, the neuronal populations involved in peripheral metabolic responses remain unclear.
New evidence supporting the role of neuronal nutrient partitioning in the regulation of peripheral nutrient partitioning has been provided by recent studies on the enzyme carnitine acetyltransferase (CrAT). CrAT regulates the mitochondrial pool of acetyl-CoA and thus oxidative metabolism. During periods of nutrient surfeit, CrAT catalyses the formation of acetylcarnitine from carnitine and acetyl-CoA generated by fatty acid and glucose oxidation (Fig. 2) . The cellular efflux of acetylcarnitine prevents the inhibition of glycolytic enzymes and pyruvate dehydrogenase by acetyl-CoA, thereby favouring glucose oxidation [55] . During times of energy deficit (e.g. exercise, food restriction), circulating acetylcarnitine uptake and its conversion to acetyl-CoA by CrAT in skeletal muscle fuel the tricarboxylic acid (TCA) cycle and support oxidative metabolism [56] . As such, CrAT plays a key role in metabolic adaptation and flexibility in skeletal muscle. Importantly, the disruption of CrAT specifically in AgRP neurons increases peripheral fatty acid oxidation and reduces glucose utilisation under fasting conditions [57] . In addition, AgRP CrAT knockout mice have a blunted switch from fatty acid to glucose utilisation during the transition from fasting to refeeding. During chronic energy restriction, CrAT deficiency in AgRP neurons increases fatty acid utilisation leading to a greater fat loss [58] . Together, these studies suggest that neuronal carnitine and CrAT may be key regulators of acetyl-CoA metabolic fate to control peripheral nutrient partitioning [59] .
Autophagy is another pathway that plays a key role in cellular energy homeostasis. During times of nutrient deficiency, activation of AMPK stimulates autophagy and the breakdown of cellular components that generate metabolic substrates to maintain cellular energy. Lipophagy is the autophagic degradation of intracellular triacylglycerol stored in lipid droplets, thereby releasing fatty acids that can be oxidised (Fig. 2) . This pathway is inhibited by activation of the mTOR pathway when nutrients are plentiful. Interestingly, autophagy is observed in MBH neurons under normal conditions, and disruption of autophagy related 7 (ATG7), an essential protein for the induction of autophagy, in ARC neurons has profound effects on energy homeostasis. Deletion of ATG7 in POMC neurons leads to overweight and glucose intolerance in chow-fed mice [60] [61] [62] . This phenotype is associated with disruption of POMC axonal projections to the PVN (without affecting the number of POMC neurons) [60] and reduced sympathetic outflow to WAT and lipolysis [61] . In addition, ATG7 deficiency in POMC neurons impairs lipophagy in BAT and liver during cold exposure, thereby increasing triacylglycerol content [63] . Conversely, pharmacological activation of autophagy in the MBH induces lipophagy in BAT and liver and leads to a lean phenotype with increased SNS activity, WAT lipolysis and BAT thermogenesis [63, 64] . Importantly, inactivation of ATG7 in AgRP neurons promotes neuronal triacylglycerol accumulation and a lean phenotype associated with increased locomotor activity and lipolysis [65] . These findings thus suggest that autophagy in MBH neurons regulates peripheral autophagy and further support the notion that autophagy dysregulation may have a causal role in the development of obesity and type 2 diabetes [66] .
Taken together, these findings strongly suggest that pathways regulating nutrient metabolism and partitioning in MBH neurons are key regulators of peripheral nutrient partitioning. Importantly, the activity of these neuronal pathways is controlled by metabolic hormones, and the central effects of several hormones are dependent on nutrient availability and neuronal metabolism (Fig. 2) . For example, the anorectic action of leptin relies on hypothalamic AMPK inhibition [67] , mTOR activation [68] and the generation of malonyl-CoA by ACC [69] . Conversely, stimulation of food intake by ghrelin requires AMPK activation and increased mitochondrial fatty acid oxidation [70, 71] . Notably, feeding responses to ghrelin and glucagon-like peptide-1 are dependent on central glucose levels and AMPK activity [72] [73] [74] . Overall, this suggests the intricate and underappreciated metabolic integration of both humoral and nutrient signals in hypothalamic neurons to mount appropriate behavioural and metabolic responses. Key challenging questions remain as to whether (1) nutrient partitioning occurs and is regulated similarly in different hypothalamic neuronal populations and glia, and (2) these bioenergetic adaptations are required for metabolic sensing itself and/or to generate the energy and building blocks necessary for neuronal activity and plasticity in response to hormonal signals.
Implications for human obesity and diabetes Translating these basic research findings to human physiology and assessing the contribution of the neural control of nutrient partitioning in the pathophysiology of human obesity and diabetes remain unmet challenges. Functional brain imaging has helped tremendously, allowing the mapping of human brain regions that respond to metabolic signals and how their activity is altered in obesity. Although these observations do not establish a causal link between changes in brain region activity and nutrient partitioning, recent clinical interventions support the idea that the brain regulates nutrient partitioning in humans and that this control can be improved or corrected in pathological conditions. For example, mutations in MC4R in obese humans are associated with decreased lipid utilisation compared with that in obese individuals with a normal MC4R genotype [29] . Short-term administration of setmelanotide, a novel MC4R agonist, rapidly increases lipid utilisation in obese individuals without changes in energy intake [75] , thereby suggesting that the central melanocortin system regulates lipid partitioning in humans, as previously shown in rodents [29] . During long-term treatment, setmelanotide substantially decreases body weight mostly by reducing energy intake to suggest that MC4R agonism is a promising strategy for the treatment of obese people with defects in the melanocortin system [76] . Ongoing clinical studies may help determine if and to what extent MC4R agonism improves nutrient partitioning during long-term treatment.
Studies have shown that leptin-replacement therapy leads to major reductions in body weight and fat and normalises neuroendocrine and metabolic abnormalities in leptin-deficient individuals [8] . In addition, leptin has emerged as a treatment for lipodystrophy, a disorder characterised by adipose tissue deficiency, leading to hypoleptinaemia, glucose intolerance, hypertriglyceridaemia and hepatic steatosis [8] . Although the beneficial effects of leptin treatment in individuals with lipodystrophy are mostly explained by a reduction in food intake, a recent study showed that leptin therapy reduces circulating and hepatic triacylglycerol independently of energy intake [77] . Based on rodent studies showing that central administration of leptin stimulates peripheral nutrient utilisation via the melanocortin system and ANS, it is likely that the benefits of leptin replacement on ectopic fat deposition may implicate both its anorectic action and ANS-dependent stimulation of lipid utilisation.
Conclusion
As part of the critical function of the CNS in feeding behaviour and body weight regulation, it has become clear that specific brain regions and neurocircuits significantly contribute towards the orchestration of metabolic fluxes between peripheral tissues in rodents and humans. Increasing evidence suggests that alterations in these processes can contribute to the development of obesity and type 2 diabetes [5] . This is further supported by the strong association between altered ANS activity, ectopic fat and the metabolic and cardiovascular complications of obesity [78] . Although the literature highlights the fundamental role of specific hypothalamic neuronal populations and some underlying molecular mechanisms, much work will be required to characterise the complex interplay between nutrient and hormone sensing in MBH neurons, the contribution of other non-hypothalamic neurocircuits and glia in nutrient partitioning. In addition, the list of metabolic signals regulating nutrient partitioning is growing with the discovery of novel regulators harbouring potent glucose-lowering properties, including fibroblast growth factors 1 and 19 [79] [80] [81] . Finally, the central control of nutrient partitioning may also rely on external food cues and the pre-absorptive anticipatory phase (cephalic phase), which prime endocrine and metabolic organs for nutrient intake via the ANS [82] . This is a growing and exciting field of research that will potentially open up novel therapeutic avenues for obesity and diabetes.
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